Conditioned taste aversion (CTA) is a form of aversive memory in which an association is made between a consumed substance and a subsequent malaise. CTA is a critical mechanism for the successful survival, and hence evolution, of most animal species. The role of excitatory neurotransmitters in the neurochemical mechanisms of CTA is well recognized; however, less is known about the involvement of inhibitory receptor systems. In particular, the potential functions of metabotropic GABA B receptors in CTA have not yet been fully explored. GABA B receptors are metabotropic GABA receptors that are comprised of two subunits, GABA B(1) and GABA B(2) , which form heterodimers. The Gabbr1 gene is transcribed into two predominant isoforms, GABA B(1a) and GABA B(1b) , which differ in sequence primarily by the inclusion of a pair of sushi domains (also known as short consensus repeats) in the GABA B(1a) N terminus. The behavioral function of mammalian GABA B(1) receptor isoforms is currently unknown. Here, using a point mutation strategy in mice, we demonstrate that these two GABA B(1) receptor isoforms are differentially involved in critical components of CTA. In contrast to GABA B(1b) Ϫ/Ϫ and wild-type mice, GABA B(1a)
Introduction
Conditioned taste aversion (CTA) is an associative learning phenomenon whereby the characteristics of a consumed substance are paired with the memory of a subsequent malaise (BermudezRattoni, 2004) . CTAs are long-lasting and specific memories that can be induced with a single pairing of the conditioned stimulus (CS) (the consumed substance) and the unconditioned stimulus (the malaise). As such, CTA is a critical mechanism for the successful survival, and hence evolution, of most animal species (Bures, 1998) . Moreover, because CTA declines reliably with repeated nonreinforced exposure to the CS, the use of CTA in the laboratory allows the investigation of the processes involved in both the acquisition and extinction of aversive memories (Bahar et al., 2003; Bermudez-Rattoni, 2004) .
The importance of excitatory neurotransmitters in the acquisition and extinction of CTA is well known (Berman and Dudai, 2001; Bermudez-Rattoni, 2004 ). In contrast, there is a paucity of studies investigating the role of inhibitory neurotransmitters in CTA. Some studies have demonstrated that ionotropic GABA Amodulating drugs such as benzodiazepines alter the acquisition and certain aspects of extinction of CTA (Roache and Zabik, 1986; Delamater and Treit, 1988; Yasoshima and Yamamoto, 2005) , whereas the role of GABA B receptors is largely uninvestigated.
GABA B receptors are comprised of two subunits, GABA B(1) and GABA B(2) , which form heterodimers. The Gabbr1 gene is predominantly transcribed into two differentially expressed isoforms, GABA B(1a) and GABA B(1b) , which differ in sequence primarily by the inclusion of a pair of evolutionary conserved sushi repeats (also known as short consensus repeats) in the GABA B(1a) N terminus (Bettler et al., 2004; Cryan and Kaupmann, 2005) . The function of the sushi repeats, and hence of the different receptor isoforms, has been a mystery until recently. Vigot et al. (2006) demonstrated that the sushi repeats define the morphological localization of GABA B receptors: the GABA B(1a) isoform was mainly a presynaptic heteroreceptor at glutamatergic terminals, whereas the GABA B(1b) isoform was predominantly located postsynaptically. Given the importance of GABAergic mechanisms in emotional learning (Akirav, 2006; Davis et al., 2006) , we used GABA B(1a) Ϫ/Ϫ and GABA B(1b) Ϫ/Ϫ mice to address the hypothesis that GABA B receptor isoforms could play distinctive roles in the acquisition and extinction of aversive memories.
Materials and Methods

Establishment of a conditioned taste aversion protocol in BALB/c mice.
Because there are marked strain differences in emotional behavior in mice (Cryan and Holmes, 2005) , it was important first to establish an appropriate CTA protocol in the background strain of our genetically modified mice. A two-bottle choice CTA protocol was validated using singly housed male mice [BALB/cByJIco (Charles River Laboratories, L' Abresle Cedex, France); ϳ12 weeks of age; n ϭ 30]. Mice were trained to drink water from a 15 ml plastic drinking tube in two 30 min sessions (morning and afternoon) per day for 5 d. Mice were then presented with a saccharin solution (0.5% in tap water) in their drinking tube. Thirty minutes after the end of the 30 min saccharin-drinking period, they were injected (i.p., 10 ml/kg) with either vehicle (saline, unconditioned mice) or the malaise-inducing agent lithium chloride (LiCl; Sigma-Aldrich Chemie, Steinheim, Germany) at a dose of either 3 or 6 mEq/kg (0.3 or 0.6 M LiCl) (conditioned mice). Over the subsequent 7 d, mice were presented with both water and the saccharin solution in the morning drinking sessions. Drinking tubes containing the saccharin solution were always presented in the same spatial order relative to the water tube (e.g., always on the right). Afternoon drinking sessions remained water-only throughout the experiment.
Conditioned taste aversion in wild-type, GABA B(1a) Ϫ/Ϫ , and GABA B(1b) Ϫ/Ϫ mice. The generation of GABA B(1a) Ϫ/Ϫ and GABA B(1b)
Ϫ/Ϫ has been described previously (Vigot et al., 2006) . Briefly, a knock-in point mutation strategy was adopted, whereby GABA B(1a) and GABA B(1b) initiation codons were converted to stop codons by targeted insertion of a floxed neo cassette. Gene targeting constructs and embryonic stem cells were of BALB/c origin. Embryonic stem cells were injected into C57BL/6 blastocysts and chimeras crossed with BALB/c mice to generate heterozygotic founding mice. The neo cassette was excised by crossing to BALB/c mice expressing Cre recombinase and breeding to homozygosity. Consequently, all mutant and wild-type mice were maintained on a pure inbred BALB/c genetic background. GABA B(1a) Ϫ/Ϫ and GABA B(1b) Ϫ/Ϫ mice used for the evaluation of CTA were derived from subsequent homozygous breeding (F5-6) of siblings originating from the founding heterozygotic mice. Homozygous wild-type controls for the GABA B(1) isoform mutant mice were derived from mating together wildtype siblings generated from GABA B(1a) ϩ/Ϫ and GABA B(1b) ϩ/Ϫ heterozygous breedings (F5-F6). The breeding strategy was applied in accordance with the recommendations proposed by The Jackson Laboratory (Bar Harbor, ME) to obviate genetic drift and the formation of substrains (http://jaxmice.jax.org/geneticquality/ guidelines.html).
A similar protocol to that validated in house (see above) was used to evaluate CTA in singly housed male wild-type (n ϭ 19; 29.3 Ϯ 0.6 weeks of age), GABA B(1a)
Ϫ/Ϫ (n ϭ 15; 26.8 Ϯ 0.6 weeks of age), and GABA B(1b) Ϫ/Ϫ (n ϭ 18; 26.4 Ϯ 0.6 weeks of age) mice (Fig. 1) . Mice from each genotype were allocated to either an unconditioned (saline injection after saccharin presentation) or a conditioned (6 mEq/kg LiCl after saccharin presentation) treatment. The dose of lithium was selected based on the validation experiment. Furthermore, mice were subjectively scored in a blind manner for the presence or absence of malaise behavior after LiCl or saline injections (Hayley et al., 1999; Anisman et al., 2001) . Malaise was defined as prolonged periods of nonsleeping immobility, piloerection, contraction of the flanks, prostrate elongated body posture, and/or excessive defecation or diarrhea. Mice displaying malaise behavior were given a score of 1. Animals not showing malaise behavior were given a score of 0. Sleeping animals were not scored. For 2 weeks after conditioning, mice experienced a once-daily preference test in which they were presented with both saccharin and water for 30 min. In the afternoons, they were given only water for 30 min. They were then returned to an ad libitum water regimen for an additional week. Thereafter, animals were water deprived overnight and again presented with the choice of saccharin or water in the morning. This allowed us to assess whether the aversion was altered over 1 week in the absence of saccharin exposure. Animals were then returned to an ad libitum water regimen for an additional week. Thereafter, animals were water deprived overnight and again presented with the choice of saccharin or water in the morning, with the difference that the spatial order of tube presentation was reversed, which allowed us to determine whether or not perseverative behavior was contributing to the choice of drinking fluid. The following day, the saccharin or water option was presented again, but in the usual order.
Calculations and statistical analyses. All drinking tubes were weighed before and after presentation to the mice to obtain the weight of fluid consumed. An aversion index (AI) for the saccharin solution was calculated as follows: AI (%) ϭ [water intake (g)/[saccharin intake (g) ϩ water intake (g)]] ϫ 100. Data were analyzed with one-way, two-way, or twoway repeated-measure ANOVA, followed by Fisher's LSD post hoc comparisons, where appropriate.
Results
Conditioned taste aversion in BALB/c mice BALB/c mice acquired a robust aversion to both 3 and 6 mEq/kg doses of LiCl compared with the unconditioned (saline-treated) animals (Fig. 2 A) (LiCl dose; F (2,29) ϭ 9.87; p Ͻ 0.001). Mice treated with LiCl at 3 mEq/kg had extinguished the aversion by 5 d, whereas the mice treated with LiCl at 6 mEq/kg took 7 d to extinguish (Fig. 3A) ( p Ͼ 0.05), respectively. Therefore, this protocol was deemed as appropriate for detecting alterations in CTA acquisition or extinction in genetically modified mice bred on a BALB/c genetic background.
Conditioned taste aversion in GABA B(1a)
؊/؊ , GABA B(1b) ؊/؊ , and wild-type mice Mice of all three genotypes readily consumed the saccharin solution on the day of conditioning (mean Ϯ SEM saccharin solution intake: wild type, 1.91 Ϯ 0.08 ml; GABA B(1a) Ϫ/Ϫ , 2.12 Ϯ 0.13 ml; GABA B(1b) Ϫ/Ϫ , 1.95 Ϯ 0.09 ml; genotype, F (2,51) ϭ 11.11, p ϭ 0.34).
GABA B(1a) Ϫ/Ϫ mice that received LiCl after saccharin exposure (conditioned) failed to acquire an aversion to the saccharin solution, relative to conditioned wild-type and GABA B(1b) Ϫ/Ϫ mice ( p Ͻ 0.01), and showed a preference for the saccharin solution to a level not different from that of unconditioned GABA B(1a) Ϫ/Ϫ , GABA B(1b) Ϫ/Ϫ , or wild-type mice. In comparison, both conditioned wild-type and GABA B(1b) Ϫ/Ϫ mice developed similar, robust levels of aversion to the saccharin solution, relative to unconditioned controls ( p Ͻ 0.001) (Fig. 2 B) (LiCl, F (1, 51) ϭ 39.77, p Ͻ 0.001; genotype, F (2,51) ϭ 6.57, p Ͻ 0.01; interaction, F (2,51) ϭ 4.60, p Ͻ 0.05). The failure of the conditioned GABA B(1a) Ϫ/Ϫ mice to acquire an aversion to the saccharin solution was not attributable to an insensitivity to LiCl-induced malaise, as indicated by the demonstration of malaise behavior in 100% of the GABA B(1a)
Ϫ/Ϫ mice 1 h after LiCl injections (Table 1) . In striking contrast, although GABA B(1b) Ϫ/Ϫ mice readily acquired the aversion, they failed to show any reduction of this aversion over the following 30 d of the experiment, relative to both unconditioned GABA B(1b) Ϫ/Ϫ mice and conditioned wildtype and GABA B(1a) Ϫ/Ϫ mice (Fig. 3B) Post hoc comparisons revealed significant differences between the conditioned GABA B(1b) Ϫ/Ϫ and conditioned wild-type mice from day 5 onward (Fig. 3B) . This was because of extinction in the conditioned wild-type mice, which reached a low level of aversion not different from that of unconditioned wild-type mice by day 5 after conditioning ( Ϫ/Ϫ mice were not simply drinking from the same tube position each day but were actively avoiding the saccharin solution.
In the unconditioned mice, there was no effect of genotype on the AI, although the overall AI decreased over the duration of the experiment until the perseveration test on day 29, when it was transiently elevated (Fig. 3B) (genotype within unconditioned, F (2,434) ϭ 1.49, p ϭ 0.25; day, F (17,434) ϭ 5.04, p Ͻ 0.001; interaction, F (34,434) ϭ 1.08, p ϭ 0.36).
Discussion
Our data demonstrate a critical role for GABA B receptors in CTA. Specifically, the two GABA B(1) subunit isoforms are differentially involved in the acquisition and extinction of CTA. Acquisition of CTA requires the GABA B(1a) isoform, whereas extinction requires the GABA B(1b) receptor isoform.
It has recently been shown that the presence of specific sushi domains directs GABA B(1a) isoforms to a presynaptic localization and that this localization is critical for cognitive performance as assessed using an object-recognition task (Vigot et al., 2006) . Furthermore, GABA B(1a) Ϫ/Ϫ mice have impaired hippocampal long-term potentiation and lack presynaptic GABA B -ergic inhibition of glutamatergic excitability (Vigot et al., 2006) . Given that glutamate signaling is essential for the acquisition of CTA (Yasoshima et al., 2000; Bermudez-Rattoni, 2004; Akirav, 2006) , it therefore seems plausible that GABA B(1a) isoform modulation of presynaptic glutamate release may underlie the mechanisms of CTA acquisition. The brain regions involved in such modulation Saline (n ϭ 9) LiCl (n ϭ 10) Saline (n ϭ 7) LiCl (n ϭ 8) Saline (n ϭ 9) LiCl (n ϭ 9)
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are unknown presently, because the GABA B(1a) receptor isoform is widely expressed throughout the brain Bischoff et al., 1999; Fritschy et al., 1999) . However, lesion or inactivation of the pontine parabrachial nucleus, amygdala, or insular cortex disrupts the acquisition of CTA (BermudezRattoni and Yamamoto, 1998; Bermudez-Rattoni, 2004) , which points to GABA B(1a) receptors in these structures as being crucial for CTA acquisition. Given the differential localization of GABA B(1) isoforms (Perez-Garci et al., 2006; Vigot et al., 2006) , the very dissimilar phenotype of GABA B(1b) Ϫ/Ϫ compared with GABA B(1a) Ϫ/Ϫ mice was not entirely unexpected. Indeed, unlike GABA B(1a)
Ϫ/Ϫ mice, GABA B(1b) Ϫ/Ϫ mice readily acquired CTA but failed to extinguish the aversion despite repeated unreinforced exposures to the CS. Similarly to the acquisition of associative learning, its extinction is believed to be a learning process that results from the formation of new memories, as opposed to simple forgetting (Myers and Davis, 2002; Davis et al., 2006) . It has been suggested that the study of CTA may have direct implications for the study of anxiety disorders associated with altered emotional learning (Bahar et al., 2003; Bermudez-Rattoni, 2004; Guitton and Dudai, 2004; Cryan and Holmes, 2005) . Therefore, the understanding of the molecular mechanisms that underlie the extinction of established aversive memories would be a considerable breakthrough in the treatment and management of anxiety disorders (Ressler et al., 2004; Barad, 2005; Davis et al., 2006) .
Until recently, no unique pharmacological or functional properties could be assigned to GABA B(1a) or GABA B(1b) (PerezGarci et al., 2006; Vigot et al., 2006) . However, it has been proposed that auxiliary proteins exist that modify receptor activity, pharmacology, and localization (Marshall et al., 1999) . Our data clearly show differential functions of GABA B(1) receptor isoforms in the acquisition (GABA B(1a) ) and extinction (GABA B(1b) ) of CTA. Thus, future studies must focus on uncovering potential novel protein interacting sites at either receptor isoform to enable pharmaceutical intervention. Together, our data demonstrate that isoforms of the GABA B(1) receptor, which differ only in the presence or absence of a pair of sushi repeats at their N-terminal ectodomain, play differential yet critical roles in the evolutionary conserved mechanisms used to learn and remember the salience of aversive stimuli.
